A protein molecule is an intricate system whose function is highly sensitive to small external perturbations. However, no examples that correlate protein function with progressive subangstrom structural perturbations have thus far been presented. To elucidate this relationship, we have investigated a fluorescent protein, citrine, as a model system under high-pressure perturbation. The protein has been compressed to produce deformations of its chromophore by applying a high-pressure cryocooling technique. A closely spaced series of x-ray crystallographic structures reveals that the chromophore undergoes a progressive deformation of up to 0.8 Å at an applied pressure of 500 MPa. It is experimentally demonstrated that the structural motion is directly correlated with the progressive fluorescence shift of citrine from yellow to green under these conditions. This protein is therefore highly sensitive to subangstrom deformations and its function must be understood at the subangstrom level. These results have significant implications for protein function prediction and biomolecule design and engineering, because they suggest methods to tune protein function by modification of the protein scaffold.
I
t is well known that the three-dimensional structure of a protein molecule is crucial to understanding its function (1) . Because protein molecules have dimensions of tens to hundreds of angstroms, subangstrom positional perturbations may naïvely appear insignificant (2) . However, if one considers two objects interacting through a Lennard-Jones potential that are separated by 3.5 Å and moves them together by just 0.1 Å, the potential energy between these objects will change by (1/3.4 6 )/ (1/3.5 6 ) ϭ 1. 19, or 19% . This calculation suggests that changes as small as 0.1 Å in the relative positions of critical functional groups could make a large difference in the energy of an electronic transition and thus a notable change in protein function (3) .
The sensitivity of protein function to subangstrom positioning of critical functional groups is implied by the observation that modest pressures (less than a few hundred MPa) significantly modify protein function (4) . For example, the flash decay rate of firefly luciferase is reduced (5), the oxygen binding affinity of human hemoglobin is doubled (6) , and oxidation rates by morphinone reductase are increased (7) . Protein atomic structures at up to a few hundred MPa (8) (9) (10) (11) (12) (13) (14) (15) (16) indicate that atoms in protein molecules are typically displaced by Ϸ0.1-1.0 Å from their ambient pressure positions. These observations suggest that the exact positioning of atoms, especially in the active sites of catalytic proteins, is an important feature of protein operation and that this positioning is subject to environmental perturbation.
To systematically investigate the correlation between protein function and small structural deformations, we selected the Aequorea Yellow Fluorescent Protein (YFP) citrine (17) (18) (19) , an extremely bright, intrinsically fluorescent protein whose atomic structure is known to 2.2-Å resolution (17) , which displays a fluorescence peak shift of Ϸ1 nm/100 MPa at room temperature [supporting information (SI) Text and Fig. S1 ] (20) .
The most notable feature of the YFP family is the stacking of a phenol ring, the side chain of tyrosine 203, 3.4 Å above the main chromophore found in all Aequorea fluorescent proteins. The weak interaction of the main chromophore and the tyrosine 203 phenol is speculated to be responsible for shifting the fluorescence peak of citrine from green to yellow (18) . A diagram of citrine and its chromophore is shown in Fig. 1 . One can imagine that a small pressure-induced deformation of the ␤-barrel scaffold of citrine could perturb the relative positions of the main chromophore and tyrosine 203, changing their weak interaction, and alter the fluorescence properties of citrine.
Results
A closely spaced series of structures of citrine was solved by using a high-pressure x-ray crystallography technique developed by Kim et al. (9) . A protein crystal is pressurized with helium gas and is then cooled to 77 K, locking in collective pressure-induced structural changes (8) (9) . After pressure release, the protein molecules composing the crystal will retain many of the collective changes of the pressurized state, on the condition that the crystal's temperature remains well below its glass transition temperature (4, 8, 21) . Citrine crystals were prepared at pressures ranging from 50 to 500 MPa. In total, data from 30 high-quality crystals was condensed into 26 atomic models by using a standardized refinement procedure (SI Text). Each structure at every pressure is derived from a different crystal at cryogenic temperatures. The high-resolution limit of the datasets ranged from 1.5 to 2.46 Å (SI Text), typically Ͻ2 Å.
Subangstrom structural shifts also occur upon cooling to cryogenic temperatures (8, 22) , complicating pressure cryocooling analysis. To establish a direct link to the high-pressure cryocooled structures of citrine, fluorescence spectra of highpressure cryocooled citrine samples were measured with a crystal spectrophotometer (23-24) (SI Text). Optimal spectra were obtained from dilute solutions of citrine in optically clear polycarbonate capillaries with well defined path lengths (25) (SI Text). Solutions were prepared with absorbances Ͻ0.1 while maintaining strong fluorescence with a satisfactory signal to background and high-pressure cryocooled. Background subtraction was performed with a high-pressure cryocooled reference at each pressure level. The fluorescence peak of citrine solutions shifts from 527 nm when frozen at ambient pressure to 530 nm at 50 MPa and to 510 nm at 360 MPa, with most of the shift occurring by 250 MPa (Fig. 2A) .
The fluorescence peak shift from yellow to green suggests that the perturbing interaction of tyrosine 203 is slowly removed by the application of high-pressure. The fluorescence peak shift of pressure cryocooled citrine relaxes to yellow upon warming of the sample above a critical temperature (Ϸ180 K). It does not return to its original position upon recooling, suggesting that the original fluorescence shift to the green had been locked in by the high-pressure cryocooling procedure. The fluorescence peak of a high-pressure cryocooled solution that was slowly warmed and recooled is shown as a function of temperature in Fig. 2 To reduce possible random and systematic coordinate errors in the high-pressure cryocooled structures of citrine, multiple models were constructed at different pressure levels, using data from a new crystal for each model. This procedure allowed the calculation of an average and standard deviation for each atomic coordinate. The standard deviations were compared with the approximate coordinate estimate error by Cruickshank (26) and found to be less than or equal to this estimate. The construction of multiple models at each pressure level permits the identification of structural deformations below the resolution limit of any individual dataset.
The crystal structures of high-pressure cryocooled citrine reveal a small but progressive reorientation of the two stacked aromatic rings that compose citrine's chromophore. This deformation of the chromophore smoothly increases with pressure and stands out from atomic coordinate error. Structures of the main chromophore and tyrosine 203 of the highest quality structures at representative pressures are shown in Fig. 3 . The tyrosine 203 phenol rings of the high-pressure cryocooled structures were aligned by using the LSQKAB program (27) to allow inspection of the main chromophore position relative to tyrosine 203. This aligned tyrosine 203 coordinate system is also defined in Fig. 3 . The origin of the aligned tyrosine 203 coordinate system is at the center of the tyrosine 203 phenol ring. The x and y axes of this system are embedded in the plane of the phenol ring, whereas the z axis is normal to this plane. The x, y, and z axes are oriented so that all motions with increasing pressure have a positive sign.
Plots of the motion of the main chromophore's two rings in the aligned tyrosine 203 coordinate system are shown in Fig. 4 . The center of the main chromophore's phenol ring slides underneath the stacked tyrosine 203 phenol with increasing pressure. This sliding motion is confined to a plane parallel to the x-y plane and 3.4 Å below it, at z Ϸ Ϫ3.4 Å. The maximum extent of the swing is Ϸ0.8 Å over 500 MPa. The largest component of motion is approximately ϩ0.5 Å in the y-direction, moving the main chromophore away from the origin. The motion in the x-direction brings the center of the main chromophore's phenol Ϸ0.4 Å closer to the origin of the coordinate system. The center of mass of the main chromophore's imidazolinone ring moves by 0.5 Å in y, 0.4 Å in x, and 0.2 Å in z (Fig. 4) . In addition to sliding, the main chromophore phenol ring reorients with respect to the tyrosine 203 phenol ring and the main chromophore's imidazolinone ring. The normal vector to the main chromophore's phenol ring rotates from 7°, with respect to the z-axis, to 14°, by 500 MPa (Fig. 4) . The normal to the main chromophore imidazolinone ring rotates by Ͻ5°, changing the orientation of the two rings composing the main chromophore (Fig. 4) .
The progressive deformation of citrine's structure under highpressure cryocooling reveals a mechanism for the shift toward the green of citrine's fluorescence peak. The relative positions of the main chromophore and the perturbing tyrosine 203 phenol ring separate with increasing pressure, removing the perturbing influence of the tyrosine 203 phenol and allowing the main chromophore to return to its unperturbed, green fluorescent state. The removal of the perturbing interaction requires a structural shift of only 0.8 Å.
Discussion
We have demonstrated that small deformations of only several tenths of one angstrom in the active site of the YFP molecule citrine, induced by high-pressure cryocooling, can measurably affect its function: fluorescence. This deformation shifts the fluorescence peak of the molecule from yellow to green.
To interpret the relationship between the positions of the main chromophore and tyrosine 203 (Fig. 4) and the fluorescence peak of citrine (Fig. 2) , we must consider the degree of alignment of the two rings. The overlap of the tyrosine 203 phenol with the main chromophore shifts the fluorescence peak toward yellow under ambient conditions (18) . There are two notable pressure regions in Fig. 2 A, one at pressures Ͼ100 MPa and another at Ϸ50 MPa. We showed that at pressures exceeding 100 MPa, the tyrosine 203 phenol is pushed far enough away from the main chromophore to blue-shift the spectrum of citrine to the green. This results in a spectrum that is more like EGFP, with a fluorescence peak at 510 nm (19) . At Ϸ50 MPa, there is a small red-shift of the fluorescence peak. This red-shift is interesting, because it demonstrates that, under ambient conditions, the perturbing influence of the tyrosine 203 phenol on the main chromophore is not maximized. The application of a small pressure, Ϸ50 MPa, is enough to increase the perturbation on the main chromophore.
As noted earlier, the function of many proteins is strongly affected by pressure, yet they are highly incompressible, only one-twentieth to one-third as compressible as water (28) . The effect of pressure is not to isotropically compress the molecule, but to alter its ensemble of allowed conformations. Many specific interactions may be involved, including changes in hydration and ionization of surface groups and reduction of void volume. As a protein is a system of linked parts, small pressure-induced structural changes across the molecule may be communicated to the active site, resulting in functional changes, which appears to be the case with citrine: The deformation of the ␤-barrel scaffold is communicated to the aromatic rings directly involved in fluorescence.
Dietz et al. (29 -31) have performed single molecule unfolding experiments on GFP molecules by using optical tweezers. One speculates that a similar experiment could be performed where mechanical forces, such as those produced by the tip of an atomic force microscope (AFM) or optical tweezers, could be used to distort the protein to see whether it results in a similar spectral shift. The global effect of pressure on the citrine ␤-barrel structure is that the barrel bends slightly to one side (data not shown). This deformation is communicated to the chromophore. It would be of interest to mechanically bend the barrel to one side by pushing on it with the AFM tip to see whether the spectrum shifts. Although this would be a very difficult experiment to perform, it is in principle feasible.
The pressure dependent behavior of citrine provides a test of models of protein f luorescence (32) (33) . This type of simultaneous study of the activity and structure of protein molecules under progressive deformation will provide challenging tests for, and may allow the improvement of, many computer models of protein function. An improvement in protein function prediction algorithms may have important benefits for rational protein design. It is likely that small (Ͻ1 Å) structural deformations in the active sites of many proteins may have measurable effects on their functions. It is also possible that seemingly small refinement errors (on the order of 0.1 Å) in atomic structures of proteins, derived from low-resolution data or by homology modeling of known structures, could lead to substantial errors on the predicted catalytic activities of these proteins (34) . These results also suggest that, to achieve maximum efficiency in their design goal, designed macromolecules may need to be engineered with subangstrom structural accuracy. High-pressure perturbation may provide a means to explore catalytic rate enhancement, and to achieve it, by suggesting sites at which strain-inducing mutations (35) may be introduced into the protein scaffold to mimic the effects of high-pressure under ambient conditions that would not be highlighted by other methods.
Materials and Methods
Protein Expression, Purification, and Crystallization. The gene for citrine was kindly provided by R. Y. Tsien (University of California at San Diego) in a pRSETB (Invitrogen) plasmid. The gene was extracted from the plasmid by PCR, the N-terminal enterokinase cut site was replaced by a Tobacco Etch Virus (TEV) protease cut site, and the resulting gene was ligated into a pET28 plasmid (Novagen). Citrine was expressed in E. coli strain BL21 and was purified by affinity chromatography. Polyhistidine affinity tags were digested by the TEV protease and removed by affinity chromatography using a Ni-NTA column (HisTrap HP, catalog number 17-5248-01, GE Healthcare). Gel filtration was performed as a final purification step. Citrine was stored in 50 mM HEPES (pH 7.5) and concentrated to 20 mg/ml with a centrifugal concentrator (catalog number OD010C37, Pall Separation Systems).
A citrine crystal was initially grown at 9% wt/vol PEG 3350 (catalog number HR2-591, Hampton Research) in 50 mM sodium acetate and 50 mM ammonium acetate, at pH 4.5 and 4°C. This crystal was used to produce a seed stock from which further crystals were grown (Fig. S3) . Later citrine crystals were produced by using a Seed Bead (Hampton Research) to produce a seeded 1:1 mixture of 5% wt/vol PEG 3350, 50 mM sodium acetate, and 50 mM ammonium acetate (pH 5.0). Ten-microliter droplets of this mixture were dispensed onto glass cover-slides and sealed over wells containing a 5% wt/vol PEG 3350, 50 mM sodium acetate, and 50 mM ammonium acetate (pH 5.0) precipitant solution, in a hanging droplet configuration. Complete details can be found in SI Text.
Data Collection and Macromolecular Refinement. X-ray diffraction data were collected from high-pressure cryocooled citrine crystals at Cornell High Energy Synchrotron Source Station F2. Crystals were transferred by hand to the station goniometer and cryogenic nitrogen cold stream. Typically, 120 -180 oscillation images were taken from each crystal, with an angular separation of 1°, a 1°oscillation angle, and exposure times from 30 to 60 seconds. Full data collection details are shown in Table S1 . The diffraction data were indexed with Rossmann and van Beek's (36) Data Processing Suite algorithm, integrated with MOSFLM, scaled with Scala (37) and truncated with Truncate (38) . Indexing quality indicators for each structure are shown in Table S2 . Unit cell axes for each model are shown in Table S3 . A full description of data collection can be found in SI Text. Model refinement was standardized for all models. Molecular replacement was performed with Molrep (39), followed by rigid body refinement, restrained refinement with an overall B-factor, and restrained refinement with an isotropic B-factor by refmac5 (40) . Alternating cycles of solvent addition and restrained refinement were performed with ARP/wARP (41) and refmac5. Finally, the structures were validated with Coot (42) and PROCHECK (43) . Full details of the crystallographic refinement procedure, quality indicators for all datasets, and the PDB accession codes can be found in SI Text and Tables S4 -S5 . Protein graphics were prepared with PyMOL (DeLano Scientific).
Low Temperature Spectroscopy. A fiber-fed, backscattering spectrophotometer, based upon designs by Hadfield and Hajdu (23) and Klink et al. (24) , was constructed to measure the fluorescence spectra of high-pressure cryocooled citrine solution samples. Samples were contained in polycarbonate capillaries (914.4 m outer diameter, 304.8 m inner diameter, plastic part number 8-000-1000, Drummond Scientific) and excited with a 473-nm diode laser (catalog number LRS-473-TM-10, LaserGlow). Spectra were recorded with a USB2000 spectrophotometer (Ocean Optics). The sample temperature was controlled with a cryogenic nitrogen stream (Molecular Structure). Complete details are available in SI Text.
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